Abstract. Chinese bayberry leaves are rich in prodelphinidins. Since the isolation and purification of prodelphinidins is difficult, the association between the degree of prodelphinidin polymerization and their anti-carcinogenic activity remains ambiguous. The cytotoxic and apoptotic activities of prodelphinidin Chinese bayberry leaf extracts (PCBLs), oligomeric proanthocyanidins (OPAs) and polymeric proanthocyanidins (PPAs), isolated by normal-phase preparative high-performance liquid chromatography were investigated in OVCAR-3 human ovarian cancer cells. The PCBLs, OPAs and PPAs inhibited cancer cell growth and induced apoptosis via the caspase-dependent pathway. Apoptosis was triggered through the intrinsic pathway by upregulating the expression of several B-cell lymphoma-2 (Bcl-2) family proapoptotic proteins, including p53-upregulated modulator of apoptosis (PUMA), Bcl-2-associated X protein and Bcl-2-associated agonist of cell death, and by downregulating the antiapoptotic protein Bcl-extra large. Apoptosis was also triggered through the extrinsic pathway via the upregulation of death receptor 5 (DR5) and Fas expression. In addition, OPAs and PPAs induced caspase-dependent apoptosis at least partially through the inhibition of the protein kinase B signaling pathway. The knockdown of p53 by specific small interfering RNA resulted in the depletion of p53, and inhibited the OPA and PPA treatment-induced increases in p53, which led to a decrease in the expression of p21, DR5, Fas, PUMA and phosphatase and tensin homolog proteins. These observations demonstrate that p53 is a mediator of OPA and PPA-induced apoptosis in OVCAR-3 cells. The PPAs exhibited stronger anti-proliferative and pro-apoptotic activities compared with OPAs and PCBLs. These results suggest that PCBLs, OPAs and PPAs may be useful for the treatment of ovarian cancer.
Introduction
The use of botanicals for the prevention of various diseases has been a subject of interest, and phytochemicals have been indicated to be useful as protective agents against certain types of cancer, but the investigation of proanthocyanidins has been limited (1) .
Proanthocyanidins, also termed condensed tannins, are a group of oligomers or polymers of flavan-3-ols. They are ubiquitous and represent the second most abundant group of natural phenolics after lignin (2) . Oligomers and polymers of proanthocyanidins can be widely found in the plant kingdom in fruits, berries, seeds, flowers and leaves (3) . The proanthocyanidins that exclusively consist of epicatechin units are termed procyanidins and are the most abundant type of proanthocyanidins in plants. The less common proanthocyanidins that contain epigallocatechin subunits are termed prodelphinidins (1) .
Chinese bayberry (Myrica rubra) is a subtropical evergreen fruit tree that is widely grown in southern China (4, 5) . Chinese bayberry leaves are rich in prodelphinidins (6, 7) . Few studies have been conducted to assess the anticancer effects of prodelphinidins extracted from Chinese bayberry leaves (PCBLs), and the molecular mechanisms underlying the anticancer effect of PCBLs has been minimally investigated in human cancer cells. As it is difficult to separate prodelphinidins according to their degree of polymerization and isolate the pure standard from mixtures including other polyphenols, the association between the degree of polymerization and anti-carcinogenic activity remains ambiguous (8) .
Prodelphinidins isolated from Chinese bayberry leaves induces apoptosis via the p53-dependent signaling pathways in OVCAR-3 human ovarian cancer cells
Apoptosis is triggered through two major pathways: The intrinsic pathway and the extrinsic pathway (9) . Apoptosis serves a major role in establishing a natural balance between cell death and renewal by destroying excess, damaged or abnormal cells (3) . As cancer may result from uncontrolled cell proliferation and dysregulation of apoptosis, the induction of apoptosis is a highly desirable goal in developing preventive strategies for cancer control (10) .
The present study aimed to isolate and characterize PCBLs, and investigate the mechanism of their anticancer effect. The study focused on caspase-dependent apoptosis, particularly the two major apoptotic pathways (intrinsic and extrinsic pathway) and p53-associated apoptosis, to determine whether PCBLs exhibited anticancer properties in OVCAR-3 cells.
Materials and methods

Preparation of PCBLs, oligomeric proanthocyanidins (OPAs) and polymeric proanthocyanidins (PPAs).
PCBLs, OPAs and PPAs, which are all proanthocyanidin extracts, were isolated from Chinese bayberry leaves according to our previous study (6) . The finely ground powder of the leaves was extracted with aqueous acetone [acetone:water, 80:20 (v/v)] containing 0.1% (w/v) ascorbic acid at room temperature for 12 h, and was then subjected to rotary-evaporation to remove the acetone. The aqueous phase was recovered and washed with hexane to remove nonpolar material, and the organic solvents were subsequently evaporated and lyophilized to obtain the bayberry leaf extracts.
To further purify the sample, a solution of the extracts, re-dissolved in 50% methanol, was loaded onto a column of Sephadex LH-20 and eluted stepwise with 50% methanol to remove pigments and sugars, 90% methanol to remove the majority of flavonoids, 50% acetone to elute the majority of proanthocyanidins and 70% acetone to clean the column. The fraction that was eluted by 50% acetone was used for subsequent analyses and was considered to consist of PCBLs.
Further separation of PCBLs according to polymerization degree was conducted using high-performance liquid chromatography (HPLC) on a Luna silica preparative column (Phenomenex, Torrance, CA, USA; 21.2 mm inner diameter x250 mm) with a 5-µm particle size at 37˚C using a hexane/methanol/ethyl acetate solution as the mobile phase. A Shimadzu preparative HPLC system (Shimadzu Corporation, Kyoto, Japan) equipped with a CBM-20A module, an SIL-10AP autosampler, an SPD-20A ultraviolet-visible detector and two LC-8A pumps were used. On each run, 1 ml (200 mg/ml) PCBL was applied (6) . The fractions were collected manually when the target peak was visible on the screen and evaporated under a vacuum. According to our previous results (6) , fractions containing dimers and trimers (N2-N7) were considered to be OPAs, which made up almost 23.9% of the PCBLs, whereas fractions containing tetramers and higher polymerizations of proanthocyanidins (N8-N10) were considered to be PPAs and composed almost 47.8% of the PCBLs. The remaining ~30% consisted of epigallocatechin gallate (EGCG), myricetin deoxyhexoside, myricetin deoxyhexoside-gallate, and other polyphenols not detected by normal-phase HPLC/electrospray ionization mass spectrometry. Flow cytometry. To quantify the induction of apoptotic death of ovarian cancer cells by PCBLs, OPAs and PPAs, annexin V and propidium iodide (PI) staining was performed, followed by flow cytometry as previously described (11) . The cells were plated to 60% confluence overnight under the aforementioned conditions, and subsequently treated with 0, 20 and 40 µg/ml PCBLs, OPAs and PPAs. After 24 h of treatment, the adherent cells were harvested by trypsinization, and adherent and nonadherent cells were collected using centrifugation at 1000 x g for 5 min. Annexin V and PI staining was then performed on the cells using a Vybrant Apoptosis Assay kit 2 (Molecular Probes; Thermo Fisher Scientific Inc.) following the protocol provided by the manufacturer. Subsequent to staining, a flow cytometer (FACSCalibur™ system; BD Biosciences, San Jose, CA, USA) was used for the quantification of the apoptotic cells.
Caspase-3/7, -8 and -9 assays. Cellular caspase-3/7, -8 and -9 activities were measured with Caspase-Glo Assay kits (Promega Corporation). The assays provide a proluminescent substrate that is cleaved to aminoluciferin by caspase-3/7, -8 or -9. The released aminoluciferin substrate reacts with luciferase, generating a luminescent signal, which is proportional to the activity of the caspases. To perform the assay, OVCAR-3 cells were seeded into 96-well plates at a density of 1x10 4 cells/well and incubated overnight at 37˚C. The cells were treated with 0, 5, 10, 20 or 40 µg/ml of PCBLs, OPAs or PPAs for 24 h, before the plates containing the cells were removed from the incubator and allowed to equilibrate to room temperature for 30 min. Caspase-Glo reagent (100 µl) was then added to each well, and the plates were incubated at room temperature for 2 h. (Fig. 1A ). PPAs induced a greater level of cytotoxicity in OVCAR-3 cells compared with the OPAs.
To determine whether the decrease in cell viability was due to apoptotic cell death, the alterations in cellular and nuclear morphology of OVCAR-3 cells following their treatment with PCBLs, OPAs or PPAs (0-80 µg/ml) for 24 h were assessed using Hoechst 33342 DNA staining and fluorescence microscopy (Fig. 1B) . Following each of the treatments, numerous apoptotic cells, exhibiting condensed or fragmented nuclei, were observed, and this effect was concentration-dependent. As presented in Fig. 1B , OPAs and PPAs significantly increased the percentage of apoptotic cells at 20 µg/ml (P<0.05), while an equivalent effect was observed in cells treated with 80 µg/ml PCBLs, which was in accordance with the cell viability results.
The rates of apoptosis in OVCAR-3 cells subsequent to PCBL, OPA or PPA treatment were determined by flow cytometry. The apoptotic cells were categorized as early or late apoptotic cells, which are presented in the lower right and upper right quadrants of the fluorescence-activated cell sorting histograms, respectively ( Fig. 2A) . PCBLs, OPAs and PPAs induced a significant concentration-dependent induction of apoptosis at the early and late stages of apoptosis following 24 h of treatment (P<0.05; Fig. 2B ). The rates of total apoptosis increased from 4.22±1.73% in untreated control cells to 13.57±0.90, 21.47±2.44 and 27.83±0.32% in cells treated with PCBLs, OPAs and PPAs at 40 µg/ml, respectively.
PCBL, OPA and PPA-induced apoptosis is caspase-dependent in OVCAR-3 cells.
Apoptosis may be initiated through an extrinsic pathway, which is associated with the activation of caspase-8, or an intrinsic pathway, which is associated with the activation of caspase-9. These two pathways converge on the activation of caspase-3/7 and trigger apoptosis (12) . In order to investigate the induction of apoptosis by PCBLs, OPAs and PPAs, the enzymatic activity levels of caspase-3/7, -8 and -9 were evaluated using Caspase-Glo Assay kits and western blot analysis in OVCAR-3 cells.
As presented in Fig. 3A , treatment with 20 µg/ml PCBLs, 10 µg/ml OPAs or 20 µg/ml PPAs maximally increased the caspase-3/7 enzymatic activity levels to 1.82-, 1.88-and 2.15-fold of the levels of the control group (0 µg/ml), respectively (P<0.05). With regard to the caspase-8 enzymatic activity, treatment with 10 µg/ml PCBLs, 20 µg/ml OPAs and 40 µg/ml PPAs maximally increased the levels to 1.46-, 1.87-and 1.96-fold of the control levels, respectively (P<0.05; Fig. 3B ). As shown in Fig. 3C , treatment with 40 µg/ml PCBLs, 10 µg/ml OPAs and 40 µg/ml PPAs, maximally increased the caspase-9 enzymatic activity to 1.50-, 1.81-and 2.09-fold of the control levels, respectively (P<0.05).
Western blotting indicated that the PCBLs, OPAs and PPAs decreased the expression levels of procaspase-3, procaspase-8 and procaspase-9 in a concentration-dependent manner (Fig. 3D ). In addition, the level of cleaved caspase-3 increased, which was in accordance with the aforementioned Caspase-Glo results, and OPAs and PPAs also increased the expression levels of cleaved caspase-8. These findings suggest that PCBLs, OPAs and PPAs induce caspase-dependent apoptosis.
Effect of PCBLs, OPAs and PPAs on the intrinsic apoptotic pathway.
To clarify whether the intrinsic pathway was involved in PCBL, OPA and PPA-induced apoptosis, western blot analysis was used to examine the protein expression levels of various proapoptotic Bcl-2 family proteins, including PUMA, Bax and Bcl-2-associated death promoter (Bad). The antiapoptotic Bcl-2 family proteins Bcl-2 and Bcl-extra large (xL) were also assessed (Fig. 4) . PCBLs, OPAs and PPAs increased the expression levels of PUMA, Bax and Bad. In addition, an inhibitory effect of PCBLs, OPAs and PPAs on Bcl-xL was observed. These findings suggest that PCBLs, OPAs and PPAs can induce apoptosis in OVCAR-3 cells via the intrinsic apoptotic pathway. As an increase in Fas expression occurred subsequent to PCBL, OPA or PPA treatment, the results suggest that PCBLs, OPAs and PPAs may induce apoptosis in OVCAR-3 cells through a Fas-associated extrinsic pathway.
Effect of PCBLs, OPAs and
Role of p53 in PCBL-, OPA-and PPA-induced apoptosis. p53 is crucial in the induction of apoptosis in human and murine cells following DNA damage (13) . Although OVCAR-3 cells harbor a point mutation in the p53 gene, which results in single amino acid changes, p53 still serves an important role in the apoptosis and cell cycle arrest of OVCAR-3 cells induced by certain cytokines and compounds (14-16). p53 levels are primarily controlled by the proto-oncogene product mouse double minute 2 (MDM2), which ubiquitinates p53 and facilitates the degradation of the protein by proteasomes (17) . p21 is a p53 transcription target involved in the major functions of tumor suppressor cell cycle arrest and apoptosis (18) .
As presented in Fig. 6A , the results of the current study revealed that OPAs and PPAs stimulated p53, MDM2 and p21 expression in a concentration-dependent manner, while PCBLs exhibited no effect on these proteins. In order to clarify the effect of p53 on the induction of apoptosis by OPAs and PPAs, a p53-specific siRNA was used. The results presented in Fig. 6B indicated that the knockdown of p53 by the siRNA (50 nM) resulted in the inhibition of p53 expression subsequent to OPA and PPA treatment (0-20 µg/ml). The depletion of p53 led to an associated decrease in the expression of p21, DR5, Fas, PUMA and phosphatase and tensin homolog proteins. These observations suggest that p53 is a critical mediator of OPA-and PPA-induced apoptosis in OVCAR-3 cells.
Discussion
To the best of our knowledge, the present study was the first to examine the apoptotic effect of PCBLs. According to our previous studies, PCBLs are almost entirely of the galloylated-prodelphinidin type, which is unusual in the plant kingdom as plants normally contain procyanidins and a few prodelphins (6, 7) . The structural units of prodelphinidins in Chinese bayberry leaves are epicatechin (EC), epicatechin gallate (ECG), epigallocatechin (EGC) and EGCG (6, 7) . OPAs are fractions collected from preparative HPLC, which mainly contain dimers and trimers including EGC+ECG, EGC+EGCG, 2EGCG, 2ECG, 2EC+EGC, 2EGC+EGCG and 3EGCG. PPAs are fractions composed of proanthocyanidin tetramers or polymers of a higher polymerization degree, including 2EGC+2EGCG, EGC+3EGCG, 3ECG+EGCG, 4EGCG and numerous other unidentified proanthocyanidins. OPAs constitute ~23.9% of PCBLs, whereas PPAs constitute ~47.8%.
The present study demonstrated that PCBLs, OPAs and PPAs induced apoptosis in a concentration-dependent manner in OVCAR-3 cells, a finding that was confirmed by Hoechst 33342 DNA staining and annexin V and PI staining. The results revealed that PCBLs, OPAs and PPAs led to early and late apoptosis in cells in a concentration-dependent manner. According to the total apoptotic cell percentage, PPAs were more effective than OPAs for inducing apoptosis.
Based on the observed increase in apoptosis in the treated cells, the next aim of the present study was to examine the involvement of caspases, which have major roles in the execution of apoptotic events. Therefore, the levels of active caspases were investigated by Caspase-Glo assay in cell lysates. The experiments of the present study revealed that treatment of cells with 20 or 40 µg/ml PPAs was associated with the most prominent increase in the activation of caspase-3/7, -8 and -9. The results indicated that PCBLs, OPAs and PPAs exerted a strong and concentration-dependent effect on the induction of active caspase-3/7, -8 and -9 levels.
The majority of caspase-dependent apoptosis is associated with the mitochondrial pathway (9) . The present study demonstrated that PCBLs, OPAs and PPAs increased the protein expression of the proapoptotic Bcl-2 family proteins PUMA, Bax and BAD, and decreased the protein expression of the anti-apoptotic Bcl-2 family protein Bcl-xL (Fig. 4) . However, due to the low expression level of Bcl-2, an inhibitory effect on this protein was not observed. PCBLs, OPAs and PPAs were also observed to affect the extrinsic pathway, primarily via increases in DR5 and Fas expression levels.
Grape seed extract (GSE) is one of the most well known nutrition supplements containing proanthocyanidins. A number of studies have demonstrated that grape seed procyanidins induce apoptosis in cancer cells through the intrinsic and extrinsic pathways by downregulating antiapoptotic proteins and upregulating several proapoptotic factors. This eventually leads to the activation of caspases-9 and -3 (19) (20) (21) , which is in accordance with the results of the present study. The present study also showed that p53 is associated with OPA-and PPA-induced apoptosis (Fig. 6) . However, several studies have found that the cytotoxic effect exhibited by overall GSE is independent of the p53 status of the cancer cell lines (22,23). In the present study OPAs and PPAs exhibited strong effects on OVCAR-3 cell proliferation and apoptosis. Several studies have reported evidence that monomeric catechins and proanthocyanidin monomers, dimers and trimers can be absorbed through human intestinal Caco-2 epithelial cells (24, 25) . However, the results of the present study revealed that PPAs (prodelphinidin tetramers and higher polymerizations) exerted greater cytotoxic and apoptotic activities compared with OPAs (dimers and trimers) in general. Similar results were observed by Miura et al (8) , who separated eight procyanidin fractions according to the degree of polymerization using normal-phase chromatography, and detected strong antiproliferative activity of the procyanidin pentamers and higher degree fractions in B16 and BALB-MC.E12 cells.
Although the precise effect of the degree of polymerization remains unclear, diversity in prodelphinin stereochemistry, structure, molecular size, polarity and solubility may affect the bioavailability of prodelphinidins. Additional investigation into bioavailability, including analysis of metabolites and distribution, are required to clarify the anticancer activity of prodelphinidins, particularly polymers higher than tetramers, following oral administration in vivo. Results are representative of ≥2 independent experiments that showed similar patterns. Protein expression levels were measured by densitometry and the values above and below the blots indicate the relative ratios. PCBL, Chinese bayberry leaf prodelphinidin extract; OPA, oligomeric proanthocyanidin; PPA, polymeric proanthocyanidin; MDM2, mouse double minute 2 homolog; PTEN, phosphate and tensin homolog; si, small interfering; PUMA, p53-upregulated modulator of apoptosis; DR5, death receptor 5.
